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We exploit a time-resolved pump-probe spectroscopic technique to study the out-of-equilibrium dynamics of
an ultracold two-component Fermi gas, selectively quenched to strong repulsion along the upper branch of a
broad Feshbach resonance. For critical interactions, we find the rapid growth of short-range anti-correlations
between repulsive fermions to initially overcome concurrent pairing processes. At longer evolution times, these
two competing mechanisms appear to macroscopically coexist in a short-range correlated state of fermions and
pairs, unforeseen thus far. Our work provides fundamental insights into the fate of a repulsive Fermi gas, and
offers new perspectives towards the exploration of complex dynamical regimes of fermionic matter.
Ultracold quantum gases offer a pristine platform for the real-
ization of minimal Hamiltonians, enabling to investigate the
relationship between the macroscopic behavior of a many-
body system and the interactions between its constituents. In
this context, a two-component atomic Fermi gas with tunable
short-range repulsive interactions has attracted a growing in-
terest, being regarded as a paradigmatic framework to address
the Stoner model of itinerant ferromagnetism [1, 2]. However,
in contrast with the widely explored case of attractively inter-
acting Fermi gases [3, 4], the nature of the repulsive Fermi
gas and its instability towards a ferromagnetic state remain
largely debated, both in theory [5–15] and experiments [16–
21]. This stems from the fact that genuine short-range repul-
sion only develops along an excited upper energy branch of
the many-body system [8, 14], which is unstable against re-
laxation into the paired many-body ground state [3, 4], i.e. the
lower branch. As a consequence, it is still questioned whether
a repulsive Fermi liquid exists at strong coupling, whether
ferromagnetic correlations can develop therein, and how they
possibly compete with pairing correlations.
Here, we address these open questions by studying the
time-resolved spectral response of a balanced spin mixture
of ultracold 6Li atoms. We first employ spin-injection radio-
frequency (RF) spectroscopy to precisely locate the upper
branch, finding that it remains well defined up to strong cou-
plings. Then, in analogy with ultrafast optical spectroscopy
in solid state [22, 23], we exploit a pump-probe RF scheme
to investigate the out-of-equilibrium dynamics of a strongly
repulsive Fermi liquid. A first pump pulse selectively trans-
fers the gas to the upper branch, while a second probe spec-
troscopy pulse monitors the following evolution [see Fig. 1(a)]
with a resolution of few Fermi times τF , which sets the min-
imum collective response time in fermionic many-body sys-
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tems [24]. By tracking the evolution of the atomic probe spec-
tra center and amplitude, we observe the build-up of atomic
anti-correlations in the upper branch and the onset of pair-
ing processes into the lower branch. We extract the initial
growth rates for both these mechanisms, developing over time
scales of few τF . In contrast with theoretical predictions for
an instantaneously quenched Fermi gas [11], the rate asso-
ciated with the build-up of short-range correlations between
repulsive quasi-particles is found to be faster than the growth
rate of pairing processes, albeit comparable with it. At longer
evolution times, we observe an unpredicted slowly evolving
regime, where a minority population of unpaired fermions co-
exists with pairs in a short-range correlated state.
We produce weakly interacting mixtures of about 2 × 105
6Li atoms in a cylindrically-shaped optical dipole trap [20, 25]
[see Fig. 1(a)], equally populating the two lowest hyper-
fine atomic states, hereafter denoted as 1 and 2 respectively.
Unless otherwise specified, the initial system temperature is
T = 0.12(2)TF , where TF is the Fermi temperature [25].
Our spin-injection spectroscopy protocol for balanced mix-
tures is analogous to that employed for investigating repul-
sive Fermi polarons [20]. We typically employ 250µs-long
RF pulses, corresponding to a 0.8pi-pulse for non-interacting
atoms, whose detuning δν = ν − ν0 from the bare 2 → 3
transition is scanned. Here, 3 denotes the third-to-lowest 6Li
hyperfine state. To adjust the interparticle interaction strength,
we exploit a broad Feshbach resonance between states 1 and
3 located at 690 G [25]. For each magnetic field between
640 G and 680 G, the spectroscopy signal is defined by the
fraction of transferred atoms, recorded within the central re-
gion of the cloud to reduce the effects of density inhomogene-
ity [see Fig. 1(a)]. The initial average density n0 of state-2
atoms within this region sets the relevant Fermi energy εF
and wavevector κF of the gas [20, 25]. The spectral response
exhibits two distinct features [see Fig. 1(b)]: an incoherent
contribution at δν < 0, related to the binding of two fermions
into a 1-3 molecule, clearly detectable only at strong inter-
actions, and a coherent atomic resonance at δν > 0. The
latter is associated with the conversion of a weakly interact-
ing mixture into a strongly repulsive Fermi liquid. The center
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FIG. 1. (a) A pump pulse converts a weakly interacting 1-2 6Li mixture into a 1-3 strongly repulsive one. After a variable evolution time the
gas is probed by a second pulse. The spectroscopic signal is acquired within a central region of the cloud, denoted by a white rectangle in the
image. (b) Spin-injection spectrum at κF a ' 2.3 (red line). Both the atomic repulsive resonance located at ∆+0 > 0 and the pair association
spectrum are visible, referenced to the spectrum of a spin-polarized state-2 Fermi gas (black line). The pump pulse remains fully selective up
to κF a ≈ 2.5, where the atomic and molecular spectral contributions overlap. (c) Probe spectra at κF a ' 2.3 for various evolution times (see
legend), fitted to a phenomenological model consisting of the sum of Gaussian and Gumbel functions [25]. The spin-injection and pump-probe
spectroscopy pulse sequences are also sketched.
position ∆+0 of this atomic peak encodes information about
the energy and effective mass of repulsive quasi-particles and
their mutual interactions [14, 20, 26].
We then exploit the knowledge of ∆+0 to selectively
quench weakly interacting mixtures into the strongly repulsive
regime. For each magnetic-field value, an optimized RF pump
pulse of about 150µs ∼ 6 τF , with τF = ~/εF ≈ 25µs, en-
ables a coherent 2 → 3 population transfer to the 1-3 upper
branch with high efficiency, exceeding 70% for the strongest
couplings investigated here [25]. Immediately after the pump
pulse, a 3µs-long optical blast removes leftover state-2 atoms
while negligibly affecting the other spin components. The
out-of-equilibrium dynamics of the 1-3 mixture at different
interaction strengths is monitored by performing RF spec-
troscopy on the 3 → 2 transition, using a probe pulse applied
at variable hold time after the quench. Examples of time-
resolved probe spectra are shown in Fig. 1(c). From these,
we characterize the evolution of the atomic peak at δν > 0
by extracting its amplitude A(t) and center ∆+(t) through
Gaussian fits. Owing to their halo character, the weakly
bound 1-3 dimers created via inelastic collisions remain op-
tically trapped, and atom-to-molecule conversion does not
cause any detectable particle loss. Hence, the decay of A(t)
directly reflects the drop of the average fermion density n(t)
and quantifies the development of pairing processes. Con-
versely, the peak center ∆+(t) provides a measure of the
instantaneous (column-integrated) average interaction energy
experienced by the surviving state-3 fermions due to the sur-
rounding state-1 atoms and 1-3 pairs. For contact interac-
tions, this is directly linked to the local pair correlator at zero
distance 〈ψ†1(r)ψ†3(r)ψ3(r)ψ1(r)〉, ψσ being state-σ fermion
annihilation operator [26]. ∆+(t) is also proportional to
the contact C [26], that quantifies the number of repulsive
fermion pairs at short distance also in out-of-equilibrium sys-
tems [27, 28]. Therefore, ∆+(t) is sensitive to the develop-
ment of short-range anti-correlations in the upper branch and
to spin-polarized domain formation, both causing a substan-
tial drop of the pair correlator.
Figure 2(a) summarizes the results of our spin-injection
spectroscopy studies, shown for T/TF ' 0.12 and 0.8.
The measured ∆+0, normalized to the Fermi energy εF ,
is displayed as a function of the 1-3 interaction strength,
parametrized by κFa, where a ≡ a13 is the s-wave scat-
tering length. For both low (orange circles) and high (ma-
genta circles) temperatures, ∆+0 is found to progressively
increase with increasing repulsion, featuring a trend qualita-
tively analogous to that observed in the impurity limit of a
spin-imbalanced gas (blue squares) [20]. As for this latter
case, we attribute the saturation of ∆+0 at strong coupling to
mass renormalization of state-2 fermions converted into heav-
ier repulsive quasi-particles [25]. Our data demonstrates the
existence of a well-defined repulsive branch for κFa . 2.5,
even in the regime of moderate degeneracy, in spite of an in-
creased atomic spectral width due to enhanced momentum re-
laxation expected within Fermi liquid theory [25, 29].
Figure 2(b) displays typical time-resolved atomic probe
spectra, acquired at κFa ' 0.9, together with Gaussian
fits used to extract A(t) and ∆+(t). Examples of the ob-
tained evolutions at various interaction strengths are shown
in Fig. 2(c)-(d), where both quantities have been normalized
to their initial values [25]. In the absence of sizeable par-
ticle losses, the trend of A(t)/A(0) is equivalent to that of
the relative upper-branch population n(t)/n0 [see Fig. 2(c)].
While for weak repulsion n(t)/n0 and ∆+(t)/∆+0 show
only small and slow variations, their dynamics change qual-
itatively once the gas is quenched to κFa & 0.8. There,
both observables exhibit a considerable reduction over sub-
millisecond timescales, progressively faster and more pro-
nounced for increasing κFa. This strongly points to the onset
of the pairing instability and to the concurrent growth of anti-
correlations between repulsive quasi-particles, possibly aris-
ing from a competing ferromagnetic instability [11, 21].
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FIG. 2. (a) Interaction shift h∆+0/εF as a function of κF a,
measured in balanced mixtures at T/TF ' 0.12 (orange circles)
and T/TF ' 0.8 (magenta circles), and in the impurity limit (blue
squares) [20]. Vertical error bars combine the standard error of the
Gaussian fits to the atomic spectra with the uncertainty in determin-
ing εF . Horizontal error bars account for the uncertainty in deter-
mining κF . (b) Examples of atomic probe spectra at κF a ' 0.9 for
various times after the quench (see legend), together with Gaussian
fits. (c)-(d) Evolution of relative fermion density n(t)/n0 and shift
∆+(t)/∆+0 for different κF a values (see legend). Colored (white)
data points are obtained with a 250µs-long (50µs-long) probe pulse.
Error bars account for the standard error of the Gaussian fit, and in
panel (c) also for the uncertainty in the calibration of n0 [25].
We gain quantitative insights into these competing pro-
cesses by extracting the initial growth rates Γpair and Γ∆. To
this end, we use linear fits to the evolution at t ≤ 200µs of
n(t)/n0 and of ∆+(t)/∆+0, respectively; the linear fits rep-
resent the time derivatives of n(t) and ∆+(t). To increase
the time resolution of our spectroscopy protocol, we employ
probe pulses as short as 50µs, yielding for a minimum hold
time of 10µs a highest measurable rate Γmax ∼ 0.4 τ−1F .
When approaching Γmax, the measured rates should be re-
garded as lower bounds of the actual ones. For κFa ≥ 0.8
both rates increase considerably, with Γ∆ larger than Γpair (see
Fig. 3). In particular, whereas the former saturates already
for κFa ∼ 1 near Γmax, Γpair ' 0.2 τ−1F at κFa ' 1.6. In
contrast with theoretical expectations [11], we find that atom-
atom correlations in the upper branch grow initially faster than
the pairing ones. Differently from recent studies of collective
spin dynamics [21], the present measurements can identify
emerging repulsive short-range correlations, but cannot dis-
cern whether these develop within a paramagnetic Fermi liq-
uid [5], or herald instead a ferromagnetic instability. Nonethe-
less, Γ∆ reasonably agrees with the predicted growth rate of
the most unstable mode of the ferromagnetic instability for a
zero-temperature homogeneous Fermi gas [11]. This is ex-
pected to establish short-range ferromagnetic correlations at
wavevectors of order κF /2 for κFa & 1 [11, 12, 17], promot-
ing the development of ferromagnetic order over a length ξ ∼
(pi/κF )(Γ∆τF )
−1/2 ≈ 2pi/κF ' 2.5µm, or 1.6 interparticle
spacings. Conversely, Γpair is about one order of magnitude
lower than the pairing rate obtained in Ref. [11], whereas it
fits well to the rate Γ3 expected for three-body recombina-
tion processes [25, 30] (see inset of Fig. 3). While this result
matches that obtained in the impurity limit [20], our data also
agree with previous measurements in balanced mixtures [17].
One reason for the sizable theory-experiment mismatch may
be found in the spectral selectivity of the quench protocol em-
ployed in this work, and presumably also in Ref. [17]. This
starkly contrasts with the instantaneous quench considered in
Ref. [11], which projects a non-interacting Fermi gas onto all
available (atomic and molecular) many-body states of the res-
onant mixture.
Let us now discuss the system evolution at longer times
t τF . While ferromagnetic correlations in the upper branch
could foster domain formation over macroscopic length scales
at long evolution times [11, 12, 15, 31], our observations rule
out this possibility, consistently with Ref. [17]. For κFa & 1,
despite Γpair < Γ∆, pairing processes strongly deplete the up-
per branch population [see Fig. 2(c)], yielding n(t)/n0 < 0.5
already at t ∼ 1.5 ms∼ 50 τF and a corresponding increase
of the molecule density. Although pairing slows down at
longer times t > 100 τF , it likely prevents the growth of anti-
correlations between repulsive fermions over distances be-
yond few interparticle spacings. The absence of macroscopic
spin de-mixing is supported by real-time measurements of the
in-situ density distributions, that reveal only a maximum two-
fold increase of local spin-density fluctuations [17, 32], at-
tained after 1 ms for κFa ≈ 1 [25]. While this moderate
enhancement is compatible with the quick formation of mi-
croscopic domains, it could also arise from a two-fold local
temperature increase within a paramagnetic state [25].
Figure 4(a) shows the surviving fermion fraction nLT /n0
(red triangles) together with the relative interaction shift
∆+LT /∆+0 (blue circles), recorded within a long-time (LT)
interval 10 ms ≤ t ≤ 30 ms, as a function of κFa. For
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FIG. 4. (a) Relative atomic populations nLT /n0 (red triangles) and interaction shifts ∆+LT /∆+0 (blue circles), obtained by averaging data
points at evolution times 10 ≤ t ≤ 30 ms, as a function of κF a. (b) Evolution of the atomic peak full width at half maximum w+(t) at
κF a ' 0.9, normalized to the non-interacting value wNI. Inset: atomic probe spectra at κF a ' 0.9 recorded at 0 ms (orange squares) and
10 ms (blue circles) after the quench, compared to that of a non-interacting gas (green crosses). The amplitude of each spectrum is normalized
to unity and artificially shifted to zero detuning. (c) Spectral width wLT at long times normalized to the t = 0 value w+0, as a function of
κF a. Vertical error bars in all panels combine the standard error of Gaussian fits to the pump and probe spectra with the standard deviation
resulting from averaging several data points.
κFa ≥ 1, we find nLT /n0 ≈ 0.2, a value essentially steady
over more than 100 ms for κFa ' 2. The combined trends of
n(t) and spin fluctuations would suggest that chemical equi-
librium is reached after some transient time within a hotter,
incoherent atom-molecule mixture [9, 17]. Yet, this interpre-
tation conflicts with other observations. A strong suppression
of the interaction shift ∆+LT is found to persist at long times,
with ∆+LT /∆+0 < 0.1 for κFa ≥ 1 [see Fig. 4(a)]. Ne-
glecting atom-pair interactions, such small ∆+LT values are
inconsistent with those measured in a repulsive Fermi liquid
at lower density, even when accounting for a two-fold temper-
ature increase [25], implying that the surviving atoms remain
indeed anti-correlated. On the other hand, atom-pair interac-
tions, which cannot be reasonably ignored for nLT /n0 . 0.2,
could significantly reduce ∆+ [25, 33] in high-temperature
samples, owing to the compensation between atom-pair s-
wave repulsion [34] and p-wave attraction [35] at large col-
lision energies. However, the scenario of a hot, uncorrelated
atom-molecule mixture is irreconcilable with the observed
evolution of the atomic peak width w+(t) [see e.g. Fig. 4(b)
for κFa ' 0.9], which directly reflects the scattering rate of
the surviving fermions with the surrounding particles [25, 33].
This would be substantially enhanced in a hot incoherent sam-
ple since, as for the atom-atom case, the atom-dimer colli-
sion rate greatly increases with increasing collision energy
[25, 35], and would yield w+(t) much larger than the initial
w+0. On the contrary, as directly visible in the probe spec-
tra [see inset of Fig. 4(b)], w+(t) rapidly decreases below
w+0, reaching within experimental uncertainty the Fourier-
limited width wNI of the probe pulse, calibrated on a non-
interacting sample. Fig. 4(c) summarizes the long-time be-
havior of the spectral width w+LT , normalized to the ini-
tial value w+0 obtained for the pump pulse, as a function of
κFa. For κFa ≥ 1, w+LT is significantly smaller than w+0,
matching the Fourier width of our probe pulse within 10%
uncertainty. These observations, together with Rabi oscilla-
tion measurements [25], show that the surviving fermions be-
have as nearly non-interacting particles, although they remain
macroscopically overlapped with the paired component at all
times. Therefore, the picture of an uncorrelated atom-pair
mixture appears too simplistic and qualitatively inconsistent
with our data. Rather, our findings suggest that anti-correlated
fermions and pairs coexist within a metastable quantum emul-
sion [36] or glassy state [37, 38], where the (two) atomic and
molecular many-body wavefunctions feature a reduced over-
lap at short distances, possibly as small as a single interparti-
cle spacing [5].
In conclusion, we studied the evolution of a Fermi gas
quenched to strong repulsion. We observed the rapid emer-
gence of short-range anti-correlations between itinerant re-
pulsive fermions, dominating the initial dynamics notwith-
standing the concurrent emergence of pairing correlations
[11]. These two competing mechanisms appear equally cru-
cial throughout the entire many-body dynamics. Our results
clarify previous observations, which were ascribed to a ferro-
magnetic state of atoms only [16], or to the lack of upper-
branch correlations within a rapidly formed atom-molecule
incoherent mixture [17]. The observed persistence of strong
correlations between repulsive fermions over long times is
also consistent with previous studies of spin dynamics at an
artificially-created domain wall [21]. In the future, it will be
interesting to explore the transport properties of such an ex-
otic atom-molecule mixture, and its robustness in weak optical
lattices [31, 39] or lower dimensions [40–42]. Our protocols
could also provide exciting possibilities to dynamically access
elusive regimes of fermionic superfluidity [12, 43].
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S.1. EXPERIMENTAL PROCEDURES
A. Preparation of the weakly interacting Fermi gas
By following procedures described in Refs. 20, 44, we
produce a degenerate 6Li Fermi mixture of Ntot ≈ 105
atoms per spin state, held in a crossed optical dipole trap
at a temperature T/TF = 0.12(2). The degenerate gas
consists of a balanced mixture of the lowest and third-to-
lowest Zeeman states. These are characterized at low mag-
netic field by quantum numbers |F = 1/2, mF = +1/2〉 and
|F = 3/2, mF = −3/2〉, and they are denoted in the main
text and in the following as 1 and 3, respectively. The
state labeled as 2 corresponds instead to the hyperfine state
|F = 1/2, mF = −1/2〉. Efficient evaporation of the 1-3
mixture is achieved by setting the bias magnetic field at 300 G,
where the interspecies scattering length is relatively large,
a13 ' −900 a0, though non resonant [44]. The final har-
monic optical trap is cigar-shaped, with axial and radial fre-
quencies ωax ' 2pi × 20 Hz and ω⊥ ' 2pi × 240 Hz, re-
spectively. To create a population-balanced, weakly interact-
ing 1 − 2 mixture, we adiabatically ramp the Feshbach field
to 585 G, where a13 ' a12 ' +300 a0. There, a radio-
frequency (RF) pulse of about 150µs with optimal frequency
and power converts state-3 into state-2 atoms with efficiencies
exceeding 98%. Immediately after, a 3µs-long optical blast
selectively removes the leftover state-3 atoms without caus-
ing appreciable heating of the remaining 1− 2 sample.
At this point, we increase the bias field to values between
640 and 680 G, a range where the two off-centered 1− 2 and
1 − 3 Feshbach resonances allow for resonantly tuning the
scattering length a13 (denoted as a in the main text) while only
weakly affecting the value of a12 [45] (see Fig. S1). The final
value of the magnetic field is accurately calibrated by driving
the 2 → 3 transition in a spin-polarized gas containing only
state-2 atoms with a 1 ms-long RF pulse, and determining its
frequency ν0 with an uncertainty below 30 Hz. The values
of a13 at each B-field value are taken from Ref. 45, and are
used to evaluate the interaction strength for all measurements
presented in this work.
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FIG. S1. Scattering lengths a12 and a13 between the 1-2 (grey) and
1-3 atomic states (blue), respectively, as a function of the B-field
strength. The two off-centered Feshbach resonances at 832 G and
690 G allow for tuning a13 to large values, while weakly affecting
the value of a12.
B. Effective Fermi energy εF and wavevector κF
In order to reduce the effect of the density inhomogene-
ity of trapped samples on the spectroscopy signal, we record
the transferred atomic fraction by monitoring the column den-
sity only within a central rectangular region with size of about
30µm × 70µm along the transverse and axial directions of
the cloud, respectively. Within this integration region, the
system at t = 0 after the quench is characterized by an ef-
fective Fermi energy εF ≡ εF (t = 0) and an effective Fermi
wavevector κF ≡ κF (t = 0). εF and κF represent the mean
value of the local kF (r, T/TF ) = (6pi2n(r, T/TF ))1/3 and
EF (r, T/TF ) = ~2/(2M) k2F (r, T/TF ), respectively, aver-
2aged over the integration region. These quantities provide the
relevant length and energy scales describing our system at the
start of the many-body dynamics, and they are used to present
our experimental findings in the main text.
Owing to the finite temperature and the residual trap in-
homogeneity, the density of the sample in the integration
region differs from the peak density of a zero-temperature
Fermi gas, and therefore εF and κF significantly differ from
the zero-temperature central Fermi energy EF = kBTF =
~2k2F /(2M) = ~ (6Ntot ωax ω2⊥)1/3 and Fermi wavevector
kF . We estimate εF (and κF ) by numerically evaluating the
density-weighted average Fermi energy (wavevector) in the
integration region in the local density approximation (LDA)
(see also Ref. 20). Neglecting the small effect of weak 1–2 in-
teractions, we approximate the finite-temperature density dis-
tribution n(r) of the initial system with that of a trapped ideal
Fermi gas, inserting the measured T/TF , trapping frequencies
and total atom number Ntot:
n(r) = −
(
MkBT
2pi~2
)3/2
Li3/2 (− exp {β (µ− U(r))}) .
(S.1)
Here, µ(T/TF , Ntot) denotes the central chemical potential,
U(r) denotes the harmonic trapping potential, β = 1/(kBT ),
and Lis stands for the polylogarithmic function of order s. εF
is then obtained by averaging EF (r, T/TF ) over the density
profile within the integration region, denoted as V :
εF =
~2
2M N
∫
V
dr
(
6pi2n(r)
)2/3
n(r) , (S.2)
where N =
∫
V
drn(r) is the number of atoms in the inte-
gration region. Setting Ntot = 105 and T/TF = 0.12, we
obtain εF ' 0.7EF and κF ' 0.82 kF . Through numer-
ical integration, we also estimate the standard deviation of
the local Fermi energy in the chosen region, ∆εF ' 0.2 εF ,
and the the standard deviation of the local Fermi wavevector,
∆κF ' 0.15κF .
C. Pump-probe radio-frequency spectroscopy
After preparing the system at the target Feshbach field as
described in Section S.1 A, we first employ spin-injection
(also called reverse) radio-frequency (RF) spectroscopy [18,
20, 46, 47] to characterize the spectral response of the bal-
anced, strongly interacting 1–3 mixture. We apply RF pulses
with a frequency close to the frequency ν0 of the 2→ 3 transi-
tion (separately calibrated), driving atoms from state 2 to 3 in
the presence of the medium of state-1 atoms. We employ rect-
angular RF pulses, whose duration and power are typically ad-
justed so as to produce a 0.8pi-pulse for a spin-polarized gas.
State-2 atoms are thus transferred from the weakly interacting
regime to a resonantly interacting one, allowing us to probe
the whole many-body spectrum that includes both the ground
state and higher-lying excitations such as repulsive quasipar-
ticles (see Fig. 1(b) in the main text). Our spectroscopic sig-
nal is defined as the ratio between the transferred atoms N3
and the total atomic population N2 +N3 contained within the
integration region V introduced above, monitored as a func-
tion of the RF detuning δν with respect to the bare transi-
tion frequency ν0. The populations N2 and N3 are simulta-
neously measured for each experimental run by shining two
consecutive 5µs-long absorption imaging pulses separated by
about 500µs from one another and individually resonant with
state-2 and 3 atoms at the final B-field. In this way, for each
value of the B-field, we determine the detuning ∆+0 asso-
ciated to the transition from the weakly repulsive state 2 to
the strongly repulsive state 3, that corresponds to the positive
interaction shift between weakly and strongly repulsive quasi-
particle states (see Fig. 2 in the main text and Ref. 20). The
measured ∆+0 do not depend on the details of the RF pulse,
such as power and duration, up to the longest employed pulse
of 2 ms, provided that the pulse duration is kept below that of
a pi-pulse for a spin-polarized gas at the same RF power.
The pump pulse at a detuning ∆+0 is used to rapidly trans-
fer state-2 atoms to state 3, thereby quenching the repulsive
interaction strength. The duration of this pulse is adjusted to
maximize the transfer efficiency at the highest power available
in our RF circuit. The pump pulse has a duration of approxi-
mately 150µs, and allows for a transfer efficiency exceeding
95% at moderate couplings κFa < 1. To quench the system
to stronger couplings, the duration of the pump pulse duration
has to be adjusted to up to 250µs for κFa & 2. This is due
to an increased dressing of the repulsive quasiparticles that re-
duces the Franck-Condon overlap between the initial and the
final state, i.e. the quasiparticle residue, thereby reducing the
associated Rabi coupling at a given RF power [18, 20]. In ad-
dition, the increased collisional rate between state-3 fermions
and the state-1 Fermi sea causes an appreciable damping of
the Rabi oscillation: this results in an overall reduced attain-
able transfer on the 2 → 3 transition, whose efficiency re-
mains however above 70% even for the strongest interactions
explored in this work. In order to purify the final sample, we
remove the residual state-2 population by means of a spin-
selective 3µs resonant optical blast, applied directly at the
end of the pump pulse. The intensity of the optical blast is
carefully adjusted to yield negligible heating and losses in the
interacting 1-3 mixture, while ensuring complete removal of
the undesired state-2 population. We remark that an imperfect
transfer during the pump pulse may cause an intrinsic heat-
ing of the state-3 Fermi gas, even in the absence of inelastic
pairing processes. This stems from the fact that the coher-
ence between state-2 and state-3 fermions established by the
RF pump pulse is zeroed upon resonantly removing the state-
2 atomic population from the trap. The RF transfer proce-
dure results in a state-3 atom number that is smaller than the
initial state-2 one, leading to a reduced state-3 Fermi energy
and thus to an increased T/TF . For our initial temperature of
T/TF = 0.12, such a heating mechanism is expected to cause
an appreciable though not substantial decrease of the gas de-
gree of degeneracy, given our typical transfer efficiencies. For
instance, for a transferred fraction of 85% (70%), typical for
κFa ∼ 1.5 (κFa ∼ 2.2) we expect the state-3 fermions to
reach Tfin/TF,3 ' 0.17 (Tfin/TF,3 ' 0.20). This estimate
is obtained assuming that the populations of the two internal
3atomic states thermalize in the harmonic trap to the same final
temperature Tfin, and recalling that the final Fermi tempera-
ture of the state-3 component is given by TF,3 = α1/3 TF , α
being the transferred fraction.
The probe pulse is used to monitor spectroscopically the
evolution of various quantities after the repulsion quench in
the 1 − 3 mixture: the interaction shift ∆+(t), the relative
atomic population n(t)/n0 and the relative molecular popu-
lation nmol(t)/n0 ≡ 1 − n(t)/n0. This spectroscopy pulse
has a typical length of 250 to 500µs, and its power level
is set to that of a free-atom pi-pulse with the same dura-
tion. The relative atomic upper-branch population n(t)/n0
is linked to the amplitude A(t) of the atomic spectrum as
n(t)/n0 = A(t)/A(0) = A(t)/α. Here, α ≤ 1 denotes the
atom transfer efficiency of the 3 → 2 probe pulse at ∆+(t).
It is assumed to coincide with the efficiency of an identical
2 → 3 pump pulse, which allows to precisely calibrate the
atom transfer, free from a molecular fraction contaminating
the spectroscopy signal.
In principle, the time-dependent paired fraction nmol(t)/n0
could alternatively be extracted by monitoring the rising am-
plitude of the molecular spectral response at δν < 0. How-
ever, the pair dissociation efficiency is strongly interaction-
dependent, due to a decreasing Franck-Condon overlap with
decreasing κFa . Hence, a quantitative extraction of the pair-
ing rate from the broad molecular signal becomes increasingly
challenging for smaller interaction strengths κFa < 1.
For the measurement of Γ∆ and Γpair at strong coupling,
probe pulses as short as 50µs have been employed. In this
latter case, the pulse power is adjusted to the maximum one
attainable with our RF circuit, resulting in about a pi/3-pulse
for non interacting atoms. Although this unavoidably reduces
our spectral resolution and diminishes the signal-to-noise ratio
of our measurements, it enables to considerably increase the
time resolution of our spectroscopy, and to trace the very fast
dynamics of the strongly repulsive gas over timescales as short
as ∼ 2 τF . The RF spectra, obtained by recording the trans-
ferred atomic fraction on the 3 → 2 transition upon applying
the probe pulse at variable detuning, contain spectral features
both at positive and negative detunings, associated with (at-
tractive) molecular and (repulsive) atomic states, respectively.
At coupling strengths κFa ≤ 1.6 the two spectral features are
well separated, and a Gaussian fit to the atomic resonance at
δν > 0 is sufficient to extract its center ∆+(t) and ampli-
tudeA(t). Conversely, at strong couplings κFa > 1.6 the two
features partially overlap and the resulting spectra are well
fitted by the sum of a Gumbel and a Gaussian function, re-
spectively accounting for the molecular and atomic contribu-
tions (see Fig. 1(c) in the main text and Fig. S6). In this lat-
ter case, the Gumbel is a phenomenological model spectrum
and serves only to subtract the molecular background from
the unpaired atomic signal. From the center and amplitude
obtained from the Gaussian fit of the atomic spectra for evo-
lution times t ≤ 200µs, Γ∆ and Γpair are determined from a
linear fit to the normalized data: ∆+(t)/∆+0 = 1 − Γ∆t,
and n(t)/n0 = 1 − Γpair t, respectively. Notwithstanding
the moderate spectral resolution associated to a width of at
least 0.2 εF (0) resulting from Fourier broadening of the probe
pulse, ∆+(t) is determined with a typical standard fitting error
lower than 50 Hz (see Fig. 1(c) in the main text).
S.2. THREE-BODY RECOMBINATION RATE FOR
BALANCED FERMI MIXTURES
As discussed in the main text, one major finding of
our work is the fact that pairing processes appear to de-
velop through three-body recombination processes, rather
than via the (much faster) Cooper-channel pairing considered
in Ref. [11]. Three-body processes are responsible for the re-
combination of two fermions into a bound-state dimer within
a scattering event involving a third atom, the latter ensuring
both energy and momentum conservation during the inelastic
collision. As long as the mean collision energy of the particles
remains lower than the binding energy of the dimer, and the
system is far from the unitarity limit κFa  1, the rate for
three-body processes can be quantitatively described by the
theoretical approach developed by Petrov in Ref. [30].
For the equal mass, broad resonance case relevant in
this work, the number of recombination events of the kind
↑ + ↑ + ↓ −→ (↑↓) + ↑ per unit of time and volume
reads [30]:
α↑↑↓n2↑ = 148
~a4
m
ε
εb
n2↑ (S.3)
Here, n↑ denotes the density of ↑ fermions, ε their mean ki-
netic energy, and εb stems for the energy gained by binding
two fermions into a dimer. In the presence of two balanced
Fermi seas of ↑ and ↓ particles with Fermi energy εF , this lat-
ter reads εb = ~2/(ma2) + 2εF . In the population-balanced
case, n↑0 = n↓0 ≡ n0, the alternative recombination channel
↓ + ↓ + ↑ −→ (↑↓)+ ↓ is equally important, and the num-
ber of events of this kind is given by Eq. (S.3) with ↑ and ↓
interchanged, being α↑↑↓ = α↓↓↑ = α.
For most of the interaction strengths explored in our work,
κFa ≥ 0.5, both the dimer and the atom resulting from
one three-body collision event remain confined in the optical
dipole trap. Hence, at each spatial position of the sample the
fermion density n(t) follows the rate equation:
n˙(t) = −2× 148~a
4
m
ε
εb
n3(t). (S.4)
At short times, n(t) ' n0, this can be approximated as
n˙(t) ' −2× 148~a
4
m
ε
εb
n20 n(t) (S.5)
yielding the initial three-body decay rate Γ3 ' 2 ×
148 ~a
4
m
ε
εb
n20. Expressing the fermion density in terms of the
(local) Fermi wavevector, and normalizing Γ3 to the Fermi
energy εF , we obtain the following expression for the rate:
~Γ3
εF
= 2× 0.806× 148
(6pi2)2
(κFa)
6
1 + (κFa)2
, (S.6)
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FIG. S2. (a) Real part of the atom-dimer (black line) and atom-atom
(red line) forward scattering amplitudes, normalized to the atom-
atom scattering length a, as a function of the collision energy Ecoll
normalized to the dimer binding energy in the vacuumEb. The atom-
dimer curve only includes the dominant s- and p-wave contributions
to the total scattering amplitude. The weak repulsive d-wave con-
tribution, here not included, although leading to slight quantitative
corrections, does not change the qualitative trend of −RefAD. (b)
Imaginary part of the atom-dimer (black line) and atom-atom (red
line) forward scattering amplitudes, normalized to the atom-atom
scattering length a, as a function of the collision energy Ecoll nor-
malized to the dimer binding energy in the vacuum Eb. Also in this
case, the atom-dimer curve neglects l-wave contributions with l ≥ 2
to the total scattering amplitude, which would cause a slight further
increase of ImfAD, relative to ImfAA.
where the numerical factor 0.806 results from averaging the
kinetic energy and the squared fermion density over the inte-
gration region. Eq. (S.6) is shown as a line in the inset of Fig.
3 of the main text, and it is dashed in the strongly interacting
regime, where unitarity limited interactions may modify the
result of the isolated three-body problem.
S.3. IMPACT THEORY OF
PRESSURE-INDUCED EFFECTS ON SPECTRAL LINES
A major finding of our study, highlighted in Fig. 4 of the
body of the paper, is the suppression of interaction shifts at
long evolution times and strong couplings, ∆+LT /∆+0 ≤
0.1, combined with spectral widths of the atomic peak w+LT
that approach the Fourier width of the probe pulse. In the fol-
lowing we provide additional information to better understand
our interpretation of long-time data.
As discussed in the main text, at long evolution time the
system for κFa ≥ 1 is comprised of an atom-pair mixture,
in which the surviving fermions represent the minority com-
ponent, n(t)/n0 ≤ 0.2. Parallel to this, temperature esti-
mates based on the study of spin density fluctuations and on
the analysis of the in-situ density profiles of the atomic and
molecular components consistently yield a long-time, station-
ary value two-to-four times higher than the initial tempera-
ture (see Section S.5). As such, one is tempted to regard the
resulting system as an uncorrelated, thermal mixture of (mi-
nority) fermions and (majority) pairs. Such a regime was al-
ready explored in the case of mass-imbalanced K-Li Fermi
mixtures at narrow resonances [33], and the resulting spec-
tra were successfully analyzed and interpreted on the basis
of the impact theory of pressure-induced effects on spectral
lines. In this framework, the collisions of the fermions with
the surrounding bath are considered to be effectively instan-
taneous. The resulting shift and full width at half maximum
(FWHM) of the atomic spectra can be linked to the real and
imaginary parts of the forward atom-dimer scattering ampli-
tude fAD, respectively, as:
h∆+ =
2pi~2
µ
Re 〈fAD〉nD, (S.7)
hw+ = 2
2pi~2
µ
Im 〈fAD〉nD, (S.8)
where µ = 23m is the atom-dimer reduced mass, nD the
molecule density, and 〈fAD〉 denotes the thermodynamic
average of the fAD over all atom-dimer collision energies
Ecoll = ~2k2coll/2µ.
In contrast with the case of atom-atom collisions in the cold
regime, fully characterized by the s-wave scattering ampli-
tude, atom-molecule scattering is strongly affected by higher-
order partial waves contributions, in particular those associ-
ated with the p-wave channel l = 1 [35]. Neglecting l ≥ 2
contributions, the resulting forward scattering amplitude for
atom-dimer collisions reads [33]
fAD(kcoll) =
sin(2δ0(kcoll))
2kcoll
+ 3
sin(2δ1(kcoll))
2kcoll
+
+ i
[
sin2(δ0(kcoll))
kcoll
+ 3
sin2(δ1(kcoll))
kcoll
]
,
where δ0 and δ1 represent the s- and p-wave atom-dimer phase
shifts, respectively, which have been calculated by Levinsen
and Petrov in Ref. [35] also for the equal mass, broad reso-
nance case. The resulting trends for the real and imaginary
parts of fAD, normalized to the atom-atom scattering length
a, are shown as black lines in Fig. S2(a) and (b), respectively.
For convenience, they are plotted as a function of Ecoll/Eb
with Eb = ~2/(ma2). For comparison, we also show the cor-
responding trend for atom-atom s-wave collisions (red lines),
given by the scattering amplitude fAA:
fAA(kcoll)
a
= − 1
1 + (kcolla)2
+ i
kcolla
1 + (kcolla)2
From Fig. S2(a) one can notice how −RefAD starkly dif-
fers from the trend exhibited by −RefAA as the collision en-
ergy is increased to sizable fractions of Eb: −RefAA shows
only a slow decrease with increasing Ecoll while remaining
positive, i.e. leading to an atom-atom repulsive interaction.
In contrast, −RefAD features a much sharper drop, becoming
zero for Ecoll/Eb ∼ 0.5, and turning negative for even larger
collision energies. This peculiar behavior arises from the p-
wave atom-dimer attractive interaction term, overcoming the
repulsive s-wave one for sufficiently large collision energies
[33, 35]. From Fig. S2(a) alone, one could conclude that the
5interaction shifts ∆+LT recorded at long evolution times may
indeed arise with atom-dimer interactions at (averaged) colli-
sion energies on the order of 0.5Eb.
On the other hand, Fig. S2(b) rules out the possibility that
the observed long-time dynamics is due to atom-molecule col-
lisions in an incoherent mixture. In contrast with −RefAD,
ImfAD monotonously increases up to the breakup threshold,
Ecoll/Eb = 1, featuring values almost twice as large as the
ones expected for atom-atom collisions at the same energy
(and density). This trend results from the combined s- and
p-wave contributions to the total scattering cross section, that
are both positive. Since ImfAD is directly linked to the spec-
tral width, atom-dimer collisions are expected to yield a spec-
tral width significantly larger than the initial one w+0. In-
deed, an incoherent molecular bath with density equal to the
initial one n0 at a temperature Tfin two-to-four times higher
than the initial one, would feature an average collision en-
ergy Efin ∼ 3/2 kBTfin. This corresponds to about 2 times
the initial collision energy relevant in the (atom-atom) scat-
tering, Ein ∼ 3/8 kBTF . Irrespective on the specific value
of Ecoll/Eb, from Fig. S2(b) one should then expect, at long
time, spectral widths w+LT at least a factor two higher than
the initial one. Since the w+LT observed in our experiments
is almost that of a non-interacting, spin-polarized sample, we
conclude that incoherent atom-dimer interactions cannot be
reconciled with our data.
S.4. ADDITIONAL ANALYSIS OF SPECTROSCOPIC
DATA
A. Mass renormalization effects in spin-injection
spectroscopic data
As discussed in the main text, the observation of a coher-
ent atomic peak at positive detuning ∆+0 in the spin-injection
spectroscopy demonstrates the existence of a well-defined re-
pulsive branch of the resonant 1-3 mixture. The measured
interaction shifts encode information about the properties of
the quasi-particles composing the repulsive Fermi liquid. In
the following, we further elaborate on the spin-injection spec-
troscopic data, connecting the results obtained in the spin-
balanced regime with the ones recorded in the impurity limit
[20]. In general, the link between the spin-imbalanced polaron
scenario and the spin-balanced Fermi liquid is not straightfor-
ward [7]. In the balanced case, the properties of the associ-
ated quasi-particles, such as their zero-momentum energy and
effective mass, may strongly differ from the ones associated
with the case of a single impurity embedded in a Fermi gas.
Moreover, effective quasi-particles interactions can be rele-
vant in the balanced case, while being negligible in the limit
of vanishing impurity concentration.
In a previous study [20], we indeed observed a strong de-
pendence of the RF shift ∆+0 upon the impurity concentra-
tion x, with ∆+0 decreasing considerably when increasing x
at strong coupling. Rather than being connected with polaron-
polaron interactions, this peculiar trend was found to arise
from the different dispersions featured by the initial weakly-
interacting impurities (of bare mass m) and the final quasi-
particles (with effective mass m∗ > m). As the impurity
concentration is increased at a fixed temperature, the mean
motional energy per impurity  grows non-linearly, owing to
the increased Fermi pressure of the minority gas (see details
in Ref. [20] and Supplemental Material). As a consequence,
the resulting shifts acquired at given κFa and 0.05 ≤ x ≤ 0.4
were found to depend linearly upon the impurity mean energy
 with a negative slope directly reflecting the value of m/m∗:
∆+0 = E+ − (1− m
m∗
) (S.9)
Here,E+ stands for the energy of a zero-momentum repulsive
quasi-particle, i.e. a repulsive polaron. For the same reason,
∆+0 saturates as a function of κFa at fixed concentration [see
e.g. blue squares in Fig. 2(a) of the main text]. The trend of
∆+0 measured in this work by spin-injection spectroscopy in
balanced mixtures appears also consistent with the effect of
quasi-particle mass renormalization, with ∆+0 saturating at
strong couplings in a similar manner as in the impurity limit
[see circles in Fig. 2(a) of the main text].
B. Incompatibility of the long-time spectral response with
simple density reduction of the Fermi liquid
As discussed in the main text, at strong repulsion and long
evolution times our spectroscopy data unveil the persistence of
a small atomic fraction featuring negligible interaction shift
and collision-induced spectral broadening (see Fig. 4 of the
main text). Based on the observed long-time behavior of the
widths of the atomic peaks, in the main text we concluded that
the overlap between atomic and molecular many-body wave-
functions must be strongly reduced. In the following, we pro-
vide further analysis of our time-resolved probe spectroscopy
data, which appear to exclude the possibility that the observed
mid- and long-time behavior of ∆+(t) could be ascribed to
a repulsive Fermi liquid with n1(r) ≈ n3(r) at higher tem-
perature and/or reduced overall density (neglecting atom-pair
interactions).
In order to compare our long time observation with this
latter possibility, we exploit the knowledge of ∆+0 acquired
through the spin injection spectroscopy data at T/TF =
0.12(2) and T/TF = 0.80(5), shown in Fig. 2(a) of the main
text. The results of this characterization at low and high tem-
perature delimit the shaded area in Fig. S3(a) from top and
bottom, respectively. As done already in the main text, for
each temperature, ∆+0 is normalized to the relevant εF , and
plotted as a function of the associated κFa. It is important
to stress how a temperature T/TF ∼ 0.8 corresponds to an
average collision energy greatly exceeding the one estimated
for the gas throughout the dynamics after the quench at all
interaction strengths. As such, if the system remained in the
non-correlated Fermi liquid phase at long evolution times, the
associated interaction shifts should definitely fall within the
shaded region of Fig. S3(a).
In order to account for the drop of the unpaired atomic den-
sity, we plot the evolution of the interaction shift ∆+(t) as
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FIG. S3. (a) ∆+(t)/εF (t) versus κF (t) a for a system initially at
T/TF = 0.12(2). The upper (lower) limit of the shaded region is
obtained via spin-injection spectroscopy on a paramagnetic sample
at T/TF = 0.12(2) (T/TF = 0.80(5)). Vertical (horizontal) error
bars account for the uncertainty in determining ∆+(t) and εF (t)
(κF (t)). (b) A 10 ms-long magnetic field ramp to lower (κF a)f re-
establishes an interaction shift (blue circles) compatible with ∆+LT
obtained for a gas quenched at low κF a (red triangles).
function of the instantaneous interaction strength κF (t) a and
normalize it to the instantaneous Fermi energy εF (t). The es-
timate for the instantaneous Fermi energy and wavevector is
based on the experimental knowledge of n(t)/n0:
κF (t) = κF · (n(t)/n0)1/3
εF (t) = εF · (n(t)/n0)2/3
The resulting trends for various initial interaction strengths
κFa are presented in Fig. S3(a). If the surviving fermions
remained in the non-correlated Fermi liquid state, possibly
at a temperature higher than the initial one, each data set
would fall within the shaded region. The combination of
reduced atom density and heating can therefore explain the
dynamics observed at small κFa, but appears irreconcilable
with the trend observed at κFa ≥ 0.8. There, the drop of
∆+(t) is much larger than that expected from the trivial de-
pletion of atom density. This leads to the conclusion that, for
κFa ≥ 0.8, the repulsive Fermi gas relaxes onto a state fea-
turing a strong decrease of the density overlap between un-
paired atoms occupying different spin states. The non-trivial
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FIG. S4. Spectral response of a 1 − 3 gas mixture as a function
of evolution time and distance R˜ from the trap center for κF a ∼
1.2. The RF shift ∆+ is initially much stronger in the center than
in the external regions of the cloud. However, as the system evolves
into the strongly-repulsive state, ∆+(t) within the central portion of
the cloud quickly drops to values as low as 200 Hz. In contrast, the
outer wings of the sample present a much slower and less pronounced
evolution of the interaction shift, consistent with a pure drop of the
atom density. Intermediate regions, 10 ≤ R˜ ≤ 20µm, present a
trend smoothly crossing-over between these two limiting behaviors.
nature of the atom-dimer mixture reached at long times is
further supported by the reversibility of the interaction shift.
As displayed in Fig. S3(b), upon ramping down the interac-
tion strength to (κFa)f in 10 ms after 1 ms of evolution at
κFa ' 0.9, ∆+ increases (blue circles) and reaches within
the experimental uncertainty the value ∆+LT obtained at long
evolution time for a system quenched to (κFa)f (red trian-
gles).
C. Spatial dependence of ∆+(t)
In this section we provide further analysis of our spec-
troscopy data, highlighting the observed ∆+(t) dynamics
within different spatial regions of the trapped cloud, at in-
creasing distance R˜ from the trap center. In Fig. S4, we
present the evolution of the interaction shift after the repul-
sion quench at varying radial distance from the trap axis for
a two-component 1-3 gas quenched at κFa ∼ 1.2. As one
can notice, different regions with different particle densities
initially experience an interaction shift which monotonically
decreases as one moves out from the denser central region. As
already discussed in the main text, while spin anti-correlations
are established in the system, ∆+(t) rapidly drops to values
as low as 10-20% of the initial ∆+0 for R˜ ≤ 10µm.
On the other hand, outer regions of the cloud, R˜ ≥ 20µm,
owing to a significantly lower local initial density and hence
lower interaction strength, exhibit only a weak drop of the RF
shift ∆+LT /∆+0 ≤ 2, ascribable to a mere density reduction
and heating. In this outer shell of the gas, ferromagnetic corre-
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FIG. S5. Behavior of the Rabi frequency versus detuning from the
bare-atom resonance at κF a ∼ 2, both in the anti-correlated state
(red squares), and in the Fermi liquid state (gray circles). To reach
the anti-correlated regime, we let the system evolve for t =1 ms af-
ter the quench, subsequently driving Rabi oscillations on the 2 → 3
transition with a detuning ∆+(t) corresponding to the location of
the atomic peak. The Rabi frequency for the Fermi liquid case is ob-
tained instead by simply performing Rabi oscillations starting from a
1-2 weakly-interacting mixture. In both cases the RF power is set to
the maximum value allowed by our RF circuit, resulting in free-atom
Rabi frequencies of about 5.2 kHz. Atoms driven on the 2→ 3 tran-
sition in the paramagnetic state feature a considerably strong renor-
malization of the frequency, Ω < Ω0, which reaches its minimum
at ∆+0 ∼ 2 kHz. In turn, atoms in the anti-correlated state oscillate
at the bare atom Rabi frequency, with the minimum frequency found
near zero detuning, δν = ν − ν0 ' 200 Hz.
lations are absent at all evolution times. Intermediate regions,
10 ≤ R˜ ≤ 20µm, smoothly cross-over between these two
extremal behaviors, presenting intermediate relative drops oc-
curring at progressively slower rates.
D. Rabi oscillations in the anti-correlated regime
As discussed in the main text, the persistence of ferro-
magnetic correlations at strong coupling even in the presence
of an increasingly large paired component are strongly sug-
gested by the observed strong drop of the widths of the atomic
spectra w+LT recorded at long evolution times. This inter-
pretation of the long-time dynamics is also supported by the
study of Rabi oscillations, not discussed in the main text and
here briefly described. For this measurement we set the RF
frequency at the previously determined ∆+(t) while the RF
power is set to the maximum value allowed by our apparatus.
Similarly to what done for the investigation of repulsive po-
laron Rabi oscillations in Ref. 20, we extract the frequency Ω
and the damping rate γR by fitting the data with the function
f(t) = Ae−ΓRt + B e−γRt cos(Ωt), describing a Rabi oscil-
lation at frequency Ω/(2pi) with a damping γR and an excited-
state population decay rate ΓR (with A,B ' 0.5). In the re-
pulsive Fermi liquid regime, the renormalization of the quasi-
particle coherence, encoded in a quasiparticle weight smaller
than unity, results in Ω/Ω0 ≤ 1 [18, 20]. Here, Ω0 denotes
the free-atom Rabi frequency, experimentally measured using
a spin-polarized state-2 Fermi gas. In turn, when short-range
correlations emerge in our system, resulting in ∆+(t) ∼ 0,
the coherent oscillations occur at a Rabi frequency matching
within the experimental uncertainty that of a spin-polarized
gas, Ω/Ω0 = 1, yet featuring a finite damping. This trend of
the Rabi frequency is summarized in Fig. S5 for κFa ∼ 2:
here we compare Ω/Ω0 extracted by monitoring the 2 ↔ 3
Rabi flopping at different detunings ∆ of the RF drive from
the non-interacting transition frequency, on a repulsive Fermi
liquid (gray circles) or a gas within which anti-correlations
have developed (red squares), respectively. The latter trend
is obtained by first quenching the system in the interacting
regime and letting it evolve for 1 ms, prior to start the ac-
quisition of the Rabi oscillation signal. In both cases, the
Rabi frequency quantitatively matches the usual trend Ω∆ ∼√
Ω2 + ∆2 expected by coherently coupling two discrete en-
ergy levels. Note that in the Fermi liquid (anti-correlated)
phase the minimum value Ω/Ω0 < 1 (Ω/Ω0 = 1) is reached
at a positive (zero) detuning from the free atom transition res-
onance. This observation further supports the emergence of
repulsive fermion anti-correlations and ferromagnetic fluctua-
tions discussed in the main text, which make state-3 fermions
behave as non-interacting particles with quasiparticle weight
compatible to 1. On the other hand, the sizable damping of
such coherent oscillations (not shown), suggests that ferro-
magnetic correlations may melt during the Rabi cycles, al-
lowing for collisional decoherence effects to develop. This
also rules out the presence of macroscopic domains extend-
ing over several interparticle spacings, for which Rabi deco-
herence times exceedingly longer than those measured on a
repulsive Fermi liquid would be expected.
S.5. ANALYSIS OF IN-SITU DENSITY PROFILES
In this Section we provide additional data related to the dy-
namics of the in-situ density distributions of the atomic and
molecular components. As mentioned in the main text, the
analysis of the in-situ images enables to provide an estimate
for the system temperature at long evolution times, and to rule
out any signature of macroscopic phase separation between
the paired phase and the surviving fermions in our trapped
sample. First of all, it is worth remarking that macroscopic
phase separation between pairs and fermionic atoms has been
widely investigated in the context of trapped, polarized super-
fluid Fermi gases [48]. Based on previous studies, it is indeed
very unlikely that phase separation could occur in our system.
Although the surviving fermion density at long time is found
to be below 15% of the initial one, both spin states popula-
tions remain symmetrically populated. Moreover, even in the
case in which the surviving fermions were almost spin polar-
ized owing to the imperfect 2→ 3 transfer by the initial pump
pulse at strong coupling, a complete phase separation of atoms
and pairs would be surprising at such low fermion concentra-
tion [48, 49]. Finally, it is important also to stress that phase
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FIG. S6. Spectral response (left column) and in-situ radially inte-
grated density profiles of the atomic and molecular populations (right
column). The data shown are recorded after an evolution time of 1 ms
(a) and 30 ms (b) from the repulsion quench via the RF pump pulse,
with an interaction strength κF a ' 2.3. The experimentally ob-
tained spectra are fitted using the sum of Gumbel (blue curve) and
a Gaussian (purple curve) function, which account for the molecu-
lar and atomic response, respectively. The fitted functions are shown
separately after zeroing their offsets for clarity.
segregation has been observed for degenerate molecular gases
well below the critical temperature Tc for Bose Einstein con-
densation, whereas our paired component is found always at
T/Tc > 1.
These expectations are indeed confirmed by the analysis
presented in the following (see Fig. S6). Figure S6 shows the
spectral response (left column) and the radially-integrated in-
situ profiles (right column) obtained for a system quenched at
κFa ' 1.5 and evolved in the interacting regime for 1 ms (see
Fig. S6(a)) and 30 ms (see Fig. S6(b)), respectively. To obtain
selective information about the molecular (atomic) densities,
for each time t we acquired two distinct sets of images selec-
tively probing the state-3 and state-2 population, following a
fast and strong RF pulse detuned by ∆+(t) from the free atom
transition ν0. The optimized RF pulse transfers the remaining
atoms in state 2, while leaving the molecules in state 3. To
increase the signal to noise ratio, for both dimers and atoms
we average 10 images acquired under the same experimental
conditions, and we extract the profiles of the molecular and
atomic densities by integrating the images along the radial di-
rection.
As one can notice, the two density profiles are found al-
ways to macroscopically overlap, irrespective of the short or
long evolution time, which only causes a change in the rela-
tive amplitudes of the two density distributions. For clarity,
in the right panels of the figure we also show the atomic pro-
files properly rescaled in order to match the amplitude of the
molecular signal. From a closer inspection of the density pro-
files through Gaussian fits, we only find a slow and moderate
shrinking of the molecular cloud relative to the initial atomic
distribution. This is consistent with the fact that dimers ex-
perience a tighter harmonic confinement, twice as large as
the atom one owing to the molecule polarizability two times
higher than the one of single fermions.
The molecular distribution in the trap is found to reach a
steady configuration after about 10-15 ms, a time which ap-
proximately corresponds to one quarter of the axial trap pe-
riod. At long evolution times, t ≥ 20 ms, Gaussian fits to
the low-density wings of the molecular and atomic distribu-
tions appear consistent with the reach of thermal equilibrium
among the two components. For κFa ∼ 2 (κFa ∼ 1), the es-
timated temperature after the equilibration time is about four
(two) times larger than the initial one. Notwithstanding the in-
creased temperature and reduced overlap between the atomic
and molecular components in the outer regions of the trap, the
overall density near the trap center, dominated at long evolu-
tion times by the molecular phase, is equal or even slightly
higher than the initial one n0.
Besides the lack of any detectable mismatch in the two
density distributions, Figure S6 also highlights how the di-
rect detection of small clusters from the images is extremely
challenging, despite our 1.3 µm imaging resolution, owing to
line-of-sight integration throughout the inhomogeneous den-
sity distribution. As discussed in the main text and also in
Section 1, information about the spatial extent of the magnetic
domains and their location in the trap are more conveniently
extracted by the analysis of density fluctuations from the ab-
sorption images.
S.6. SPIN DENSITY FLUCTUATION MEASUREMENTS
In the following we describe the experimental procedures
followed to obtain a measurement of spin density fluctuations
from in-situ absorption images of state-3 atoms, and the main
outcomes of such characterization. As mentioned in the main
text, the analysis of spin density fluctuations enables to esti-
mate the gas temperature during the initial few milliseconds
of evolution at strong coupling, and, possibly, to reveal the
emergence of spin-polarized fermion domains into the sys-
tem. While the study of density fluctuations allows for abso-
lute thermometry in a system with a known equation of state
[50], their interpretation in our experiment, after the quench to
strong repulsion, is non-trivial. Here, the spin density fluctu-
ations may arise both from an increase in the gas temperature
and from ferromagnetic domain formation [17]. Nevertheless,
even though we can not discriminate between the two mech-
anisms, this study provides useful upper bounds both for the
temperature and the maximum size of the spin-polarized do-
mains.
We extract in-situ spin density fluctuations by performing
a statistical analysis over many experimental realizations for
each chosen interaction strength and evolution time, recorded
through state-resolved in-situ absorption imaging. Repulsive
interactions are quenched in the gas using the RF pump pro-
cedure described in Section S.1 C. After a variable evolution
time, we acquire ∼ 90 absorption images of the state-3 cloud,
prepared under identical experimental conditions, by means
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FIG. S7. Normalized atom number variance calculated in a central
region of the cloud, corresponding to relative column densities of at
least 0.7 times the peak density. The plotted curves correspond to the
different interactions strength and hold times indicated in the legend.
A bin size of 5 px was used for all measurements presented Fig.4A-
B of the main text, giving the best trade-off between a small bin size
and a small blurring due to finite optical resolution, with (∆N2)
close to saturation.
of a 5µs-long resonant pulse. The atom number variance
(∆N)2 ≡ Var(N) is computed through the following pro-
cedure. First, we apply to each experimental optical den-
sity image a binning routine to bin the original pixels into
larger super-pixels. Image binning is essential to avoid an un-
derestimation of density fluctuations due to blurring, that re-
sults from the finite optical resolution of the imaging system
[51, 52]: since our imaging resolution ∼ 1.3µm is compa-
rable to the image pixel size px ' 1.04µm, it causes fluctu-
ations in the content of a given column pixel to spread over
the neighbouring pixels (see also the next Section). The effect
of pixel binning on the final extracted (∆N)2 is illustrated
in Fig. S7, where the atom number variance averaged over a
central region of the cloud is plotted as a function of the bin
size. Bins with a transverse area of 5 × 5 px2 are used for
the data presented in Fig. S9 and Fig. S11. Secondly, in order
to suppress the effect of experimental shot-to-shot total atom
number fluctuations on (∆N)2, we automatically eliminate
outliers by discarding the 10 experimental shots with highest
and lowest total atom number. We then fit each optical den-
sity profile with a two-dimensional Gaussian envelope, that is
subtracted from the image.
At this point, we compute the optical density variance
(∆OD)2 over the resulting data set containing N ≈ 80 im-
ages, to which various noise sources may contribute [51]. For
the used imaging light and CCD sensor parameters, the mea-
sured (∆OD)2 is largely dominated by two sources of fluc-
tuations: the photonic shot noise of the imaging laser beam
and the atomic density fluctuations. As we are only interested
in atomic density fluctuations, i.e. the number fluctuations
of the content of each binned volume, we remove the pho-
tonic shot-noise contribution (∆ph OD)2 from (∆OD)2. By
exploiting the Poissonian statistics of photon shot noise, we
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FIG. S8. A typical measurement of the optical density vari-
ance (∆OD)2 (light blue) and the estimated photon shot noise
(∆ph OD)
2 (orange). A slice along the y-axis is shown. The CCD
camera gainG is obtained as a fit parameter by minimizing the differ-
ence between (∆ph OD)2 and (∆OD)2 in regions where no atoms
are detected.
estimate (∆ph OD)2 through the mean photon counts in each
pixel of the CCD sensor [51]:
(∆ph OD)
2 =
1
G
(
1
〈Iatoms〉 +
1
〈Iref〉
)
,
where G is the CCD sensor gain, and 〈Iatoms〉 and 〈Iref〉
are the mean light intensity profiles recorded in the pres-
ence and absence of the atomic cloud, respectively, with
their background levels subtracted. Examples of (∆OD)2
and (∆ph OD)2 obtained from a typical measurement run
are shown in Fig. S8. The atomic noise contribution is ob-
tained by subtracting the two: (∆atoms OD)2 = (∆OD)2 −
(∆ph OD)
2. Finally, the atom number variance (∆N)2 in
each super-pixel column of transverse area A is obtained as
(∆N)2 = (A/σ0c)
2 (∆atoms OD)
2, where A ' 27µm2 and
σ0c is the absorption optical cross section, which is indepen-
dently calibrated. This calibration was found to be consistent
with the expectation from a measurement of thermal density
fluctuations of a degenerate ideal Fermi gas (see below). We
have checked the dependence of the measured atom number
variance upon the number of images for a given experimental
realization, finding that 80 images are typically sufficient for
the variance to stabilize.
The extracted (∆N)2 is suitably normalized to the mean
atom number N ≡ 〈N〉. In Fig. S9, we show the variance of
the atom number contained in each column bin as a function
of the mean atom number in the same bin, for a weakly inter-
acting Fermi gas at κFa ' 0.35. Such measurement directly
reveals the sub-Possonian nature of its density fluctuations
due to Pauli blocking. For a degenerate ideal Fermi gas, den-
sity fluctuations are expected to be essentially the outcome of
thermal fluctuations, with the two quantities connected by the
fluctuation-dissipation theorem [50–52]. For the sub-volume
Vij associated to each column bin, the temperature-induced
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FIG. S9. Variance of a weakly interacting Fermi gas (κF a ' 0.3) at
zero evolution time. Small gray dots represent the atom number vari-
ance of each single super-pixels, with a bin size of 5 px. The black
circles result from further data binning in terms of average atom num-
ber, with error bars denoting the standard deviation of the mean of all
data points within a single bin.
atom number fluctuations are given by [50, 52]:
(∆N)2ij
Nij
=
Li2(ζij)
Li1(ζij)
, (S.10)
where ζij = eβµij is the fugacity of the sample contained
within the sub-volume Vij , which is assumed to be in thermo-
dynamic equilibrium with the rest of the gas. By numerically
inverting Eq. (S.10), from the data shown in Fig. S9, we ob-
tain an estimate of the gas temperature of T/TF = 0.15(5).
This value is consistent with T/TF = 0.12(2), that is inde-
pendently determined by fitting the profile of the gas after
a 5 ms-long ballistic expansion with a Thomas-Fermi distri-
bution. Such noise thermometry validates our procedure for
extracting the atom number variance, and in particular the ex-
perimentally calibrated value of the optical cross section σ0c.
In order to further validate our procedure, we have also used
computer-generated images of a thermal gas with atomic and
photonic Poissonian noise, taking into account both the finite
imaging resolution and the typical experimental shot-to-shot
atom number fluctuations. In this case, we have verified that
the extracted (∆N)2/N ' 1 across the entire image.
We now turn to discuss the results of the real-time char-
acterization of spin density fluctuations for different interac-
tion strengths, acquired for evolution times up to 3 ms af-
ter the quench, and focusing within the central region < of
the cloud where number of atoms per super-pixel is found
within 10% from the maximum one. In general, the growth of
spin-polarized domains at strong coupling cannot be detected
through direct spin-selective in-situ imaging of the cloud, ow-
ing to line-of-sight integration and to the small expected do-
main size ξ, only slightly larger than our imaging resolution
of ∼ 1.3µm. Micro-scale spin inhomogeneities can however
be revealed by the local measurement of spin density fluctu-
ations [17, 32, 53, 54], since spin-polarized clusters lead to
an increased variance of the spin number fluctuations inside a
(column) probe volume with a transverse size comparable or
larger than the imaging resolution [17]. In the simplistic case
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FIG. S10. Spatial dependence of the atom number variance for t =
700µs at κF (0) ' 1.2. (a) The column-integrated density profile
resulting from averaging ∼ 80 experimental images is shown, with
the central analysis region < marked in red. The integration region
used for spectroscopic probing (see Section S.1) is also indicated for
comparison as a dashed white rectangle. The radially (b) and axially
(c) integrated profiles of the atom number mean (blue) and variance
(orange) are also shown, with the same region as in panel (a) denoted
by a red shading.
of Poissonian fluctuations, the enhancement of spin variance
in a clusterized sample relative to that of a paramagnetic one
would directly reflect the mean number of spins per domain
[17]. On the other hand, an enhancement of spin variance
in a non-clusterized sample, assumed to be locally in thermal
equilibrium at each instant, can be attributed to an increased
temperature of the gas.
Figure S10 shows the mean state-3 atom density distribu-
tion recorded after 700µs of evolution at κFa ' 1.2. In
Fig. S10(b)-(c) show the atom number mean 〈N〉 and vari-
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FIG. S11. Atom number variance (∆N)2 normalized to that of an
ideal Fermi gas (∆N)20, measured within the central region < at var-
ious times after the quench at κF a ' 1.2 (blue circles) and 0.35
(orange diamonds), respectively. Error bars denote the standard de-
viation of the mean.
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ance (∆N)2 profiles integrated along the y- and x-axis. The
region of the cloud marked in red indicates the typical anal-
ysis region <. Figure S11 presents the evolution of (∆N)2
normalized to that of a non-interacting gas (∆N)20, for inter-
action quenches at κFa ' 0.35 and 1.2, respectively. While
for weak interactions, we observe only a small increase of
fluctuations, compatible with a moderate enhancement of the
gas spin susceptibility [7, 32], for κFa ' 1.2 we detect a
more pronounced growth of (∆N)2. The observed maximum
two-fold increase of the column-integrated spin fluctuations
(∆N)2 allow for two distinct interpretation: on the one hand,
it seems compatible with spin separation occurring only on a
small µm-scale of very few interparticle spacings, in agree-
ment with the domain-size estimate based on our measure-
ment of Γ∆, i.e. ξ ≈ 2pi/κF ∼ 2.5µm [11]. On the other
hand, the observed trend at strong coupling can also be inter-
preted as a consequence of local heating of the gas, rapidly
evolving under the concurrent action of ferromagnetic and
pairing instabilities at short times. In this perspective, our
data suggest a rapid two-fold (local) temperature increase es-
tablished already at 1 ms after the quench, the atom-number
fluctuations always remaining sub-Poissonian [51, 52], owing
to Pauli blocking in degenerate Fermi gases. The system tem-
perature obtained via such an analysis appears consistent with
the one obtained at longer evolution times t ≥ 10 ms, esti-
mated through Gaussian fits to the wings of the in-situ density
distribution of atomic and molecular components at the same
κFa.
